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Introduction
Alterations in liver metabolism in a number of genetic diseases make hepatocytes an important target for gene transfer. Recombinant adenoviruses are an attractive vector for gene transfer to hepatocytes because the efficiency of infection appears to be high. For example, after intravenous injection of recombinant adenovirus, gene transfer to the liver is most efficient. [1] [2] [3] [4] [5] Gene transfer to hepatocytes is also efficient in vitro. [6] [7] [8] However, the mechanisms by which adenoviruses infect hepatocytes has received little attention. Entry of adenovirus into cells is thought to involve primarily two proteins. First, the adenovirus fiber protein recognizes a receptor on the cell membrane. [9] [10] [11] [12] Second, viral penton base binds to ␣v␤3 or ␣v␤5 integrins. 13, 14 The interaction of penton base with cell surface integrins is thought to have several effects. It may facilitate infection by pH-dependent membrane permeabilization and release of the virus from the endosome into the cytoplasm. 14, 15 It can also activate a viral protease involved in disassembly of the viral capsid. 16 These processes may assist release of viral DNA, transport of DNA to the nuclear pore complex, and finally transit through the pore into the nucleus. 17, 18 The importance of the interaction between adenovirus penton base and cell surface ␣v integrin has been shown during infection of M21, CS-1, A549, HeLa and THP-1 cell lines. 13, 14, 16, 19, 20 For example, M21 cells expressing ␣v integrins were more readily infected by adenovirus than were ␣v integrin-negative M21 cells. 13 ␣v Integrins recognize the RGD sequence in adenovirus penton base. Addition of anti-integrin antibodies and RGD peptides inhibited adenovirus infection in M21 and CS-1 cells. 13, 14 Moreover, when the RGD sequence in penton base was mutated to RAE, the ability of the virus to infect some cell types was impaired. 19 Most of our knowledge about the process of infection and the role of interactions between fiber and its receptor and penton base and cell surface integrins has come from the study of cell lines. However, much less is known about these interactions in the cells and tissues that are targets for gene transfer and gene therapy. Our goal was to investigate the role of interactions between adenovirus fiber and penton base and the hepatocyte in adenovirusmediated gene transfer.
Results
Effect of fiber protein on adenovirus-mediated gene transfer To evaluate the role of adenovirus fiber in infection of hepatocytes, we asked whether adding fiber protein would block infection. We applied 10 multiplicity of infection (MOI) of Ad2/CMV-␤gal to primary cultures of rat hepatocytes for 30 min in the presence and absence of soluble fiber peptide. We measured ␤-galactosidase expression 24 h later. Figure 1 shows that addition of soluble fiber blocked gene transfer. These data indicate that fiber binding to a receptor on the hepatocyte is critical for infection.
Role of penton base in adenovirus infection
We did several studies to evaluate the role of penton base-integrin interactions in adenovirus infection. First, we compared infection by a wild-type adenovirus, Ad2wt, and an adenovirus in which the RGD sequence in penton base had been mutated to RAE, Ad2RAE. 19 To evaluate infection, we used an anti-hexon antibody and counted stained cells. As a control, we studied HeLa cells. Figure 2 shows that after a 15 min application, Ad2RAE infected fewer HeLa cells than did Ad2wt. This result is consistent with previous results 19 and suggests the importance of penton base-integrin interactions for adenovirus infection in some cells. In contrast, Ad2wt and Ad2RAE infected rat hepatocytes to a similar extent. During the course of this study we had the opportunity to study human hepatocytes and obtained results similar to those in rat hepatocytes ( Figure 2 ). These data suggest that the RGD sequence in adenovirus penton base may not be critical for infection of primary cultures of rat or human hepatocytes.
␣v Integrins on the surface of hepatocytes The experiments described above suggest that ␣v integrin binding may not enhance adenovirus infection of hepatocytes. Therefore, we asked whether ␣v integrins are present on the surface of the rat hepatocytes by measuring cell adhesion to vitronectin or to collagen. We used a functional assay for cell adhesion receptors. Figure 3 shows that HeLa cells attached to both collagen and vitronectin. Moreover, HeLa cell binding to vitronectin was blocked by anti-␣v integrin antibodies. These results indicate that HeLa cells have ␣v integrins on their cell surface. In contrast, freshly isolated rat hepatocytes adhered to collagen, but they showed much less adherence to vitronectin ( Figure 3 ). Moreover, anti-␣v integrin antibodies had no effect on hepatocyte attachment. These results suggest that hepatocytes have little if any functional ␣v integrin on the cell surface.
To test further for integrins, we surface-labeled HeLa cells, rat hepatocytes and rat fibroblasts with 125 I, lysed the cells, and immunoprecipitated the labeled proteins with an antibody against ␣v integrins. Figure 4 shows that HeLa cells and rat fibroblasts expressed substantial amounts of ␣v integrins. However, there was no detectable ␣v integrin immunoprecipitation from rat hepatocytes. We confirmed this result by immunolabeling HeLa cells and rat hepatocytes with anti-␣v integrin antibody and measuring bound antibody by fluorescence-activated cell scan (FACS). HeLa cells were treated with collagenase, a procedure used in isolation of rat hepatocytes, to test the possibility that the treatment digested ␣v integrins. The FACS analysis confirmed that both collagenase-treated and untreated HeLa cells express high levels of ␣v integrins on their surface ( Figure 5 ). Rat hepatocytes, however, showed no ␣v integrin staining. We were not able to evaluate the presence of ␣v integrins on hepatocytes in vivo because of nonspecific antibody binding.
Role of ␣v integrins in vivo
We also examined the role of integrins in vivo by intravenous injection of a 50:50 mixture of Ad2wt and Ad2RAE. To evaluate virus uptake, the liver was removed and the relative amount of viral DNA was assessed by PCR using a fluorescently labeled primer. The only difference in the DNA sequence of the two viruses is the sequence in penton base encoding the RGD motif. Therefore, we used PCR primers that amplified DNA encoding this region of penton base. We then restricted the PCR products with an enzyme that recognized a unique sequence in the Ad2RAE genome and quantified the fluorescently labeled products. Figure 6a shows that Ad2wt yielded a 61 bp fragment and Ad2RAE produced a 41 bp fragment. In rats injected with equal amounts of the two viruses, fluorescence was greater for DNA amplified from wild-type virus (Figure 6a and b) . We also analyzed penton base transcripts from the two viruses by RS-PCR. Figure 6a and b show that the relative amount of transcripts from the two viruses paralleled the results obtained with the DNA analysis. These data indicate that following intravenous injection of a 1:1 ratio of the two viruses, the ratio of Ad2wt:Ad2RAE was approximately 3:1 in liver.
Figure 3 Adhesion of HeLa cells and rat primary hepatocytes to vitronectin-coated or collagen-coated dishes as indicated. Cells were incubated on the two surfaces for 1 h at 37°C. An ␣v integrin antibody (shaded bars) or control nonimmune serum (open bars) were tested for each condition as indicated. Data show the number of cells relative to the number attached to collagen surface in the absence of antibody; the absolute numbers of cells adherent to collagen in the absence of antibody were 56 ± 6 hepatocytes and 105 ± 14 HeLa cells. n was at least 6 for each condition. Asterisk indicates value different from that obtained on collagen without antibody (P Ͻ 0.0005).
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Discussion
Most previous studies of the early steps in adenovirus infection have used cell lines as model systems. Such studies have established the importance of interactions between the viral fiber and penton base proteins, and the fiber receptors [9] [10] [11] [12] and ␣v integrins 13-17 on the cell surface. However, there is less knowledge about the importance of these interactions in cells that are targets for gene therapy. For example, we are aware of no studies that have investigated this in hepatocytes, a cell that is readily infected by adenovirus in vitro [6] [7] [8] and in vivo. [1] [2] [3] [4] [5] Our data suggest that the interaction between adenovirus fiber and a fiber receptor are important for infection. This conclusion is consistent with studies carried out in a number of easily infected cell lines. These data contrast with those on airway epithelia, which are relatively resistant to adenovirus infection and which show no inhibitory effect when fiber protein is present during application of vector. 21 In contrast to the importance of the fiber receptor, our data suggest that interactions between penton base and ␣v integrins are not essential for adenovirus infection of hepatocytes in vitro and have only a small enhancing effect in vivo. This conclusion is supported by several observations. First, we found that an adenovirus lacking the integrin-binding RGD sequence infected hepatocytes in vitro as well as did a wild-type virus. Second, we found no evidence for functional vitronectin-binding integrins or immunodetectable ␣v␤3 or ␣v␤5 integrins on the cell surface of hepatocytes in vitro. Third, we found that following intravenous injection, an intact RGD sequence increased the relative amount of virus and viral transcripts in liver, but only by three-fold. If viral penton base binding to ␣v integrin was critical for infection, we would have expected a more striking difference.
In light of these findings, there would seem to be at least two possibilities to explain the ready infection of hepatocytes by adenovirus without the requirement for the penton base RGD sequence. There might be another protein on the cell surface that interacts with penton base or another capsid protein through a non-RGD sequence. Alternatively, hepatocytes may have mechanisms that obviate the need for functions normally performed by the penton base-integrin interaction.
These studies suggest that interactions between cell surface integrins and penton base are not required for adenovirus infection. This conclusion has implications for gene transfer to liver and to other cells. For example, human airway epithelia have few fiber receptors on the apical surface 21 and it appears that integrins are not present on the apical surface. 21, 22 Airway epithelia are also relatively resistant to adenovirus infection. 23, 24 Our current data with hepatocytes suggest that lack of fiber receptors may be a more important cause of the inefficient adenovirus infection in airway than is the lack of integrins. These data also suggest that when considering targets for adenovirus-mediated gene transfer, the lack of cell surface ␣v integrins does not necessarily mean that the cells will be resistant to infection.
Materials and methods
Cell culture Hepatocytes were isolated from Brown Norway (BN/RTI b ) rats using a modification of the two-step collagenase digestion method described by Berry and Friend. 25 The isolated cells were suspended in culture medium (75% Eagle's MEM and 25% Waymouth's medium supplemented with 10% FCS, 2 mm l-glutamine, 4 g/ml dexamethasone, 10 ng/ml T 3 (Sigma Chemical, St Louis, MO, USA), 50 ng/ml epidermal growth factor (Sigma) and ITS Universal Culture Supplement (Collaborative Biomedical Products, Bedford, MA, USA). The cells were kept on ice for immediate use or were plated on either collagen-coated 24-well dishes at a density of 2 × 10 5 cells per well or collagen-coated 96-well plates at density of 7500 cells per well. HeLa cells were cultured in EMEM supplemented with 10% FCS.
Adenoviral constructs
The construction and characterization of the ␤-galactosidase-expressing recombinant adenoviruses Ad2/CMV␤gal has been described previously. 26 Wild-type adenovirus 2 (Ad2wt) and a virus with RGD sequence of penton base mutated to RAE (Ad2RAE) have been described previously. 19 All viruses were produced in 293 cells and purified by the University of Iowa Gene Transfer Vector Core. Ad2wt and Ad2RAE were titrated to determine infectious units (IU) on HeLa cells using serial dilutions determined in quadruplicate. Virus was incubated with cells for either 2 h or 48 h, with similar results. The titer was determined by detecting fluorescent cells stained with FITC-conjugated anti-hexon antibody (Chemicon, San Diego, CA, USA). The Ad2wt virus preparation had 3.9 × 10 12 virus particles/ml and the titer was 1.28 × 10 10 IU/ml on HeLa cells. The Ad2RAE virus preparation had 0.78 × 10 12 particle/ml and a titer of 3.2 × 10 9 IU/ml when tested on HeLa cells. These results suggest that with prolonged exposure of virus to the cells, the RAE mutation does not decrease infection efficiency, a result that agrees with previously published results. 19 Measurement of ␤-galactosidase activity ␤-Galactosidase activity was assayed using a Galacto-Lite kit (Tropix, Bedford, MA, USA) and a Monolight 2010 luminometer (Analytical Luminescence Laboratory, Ann Arbor, MI, USA). Cells were scraped into 120 l of lysis buffer (100 mm potassium phosphate pH 7.8, 0.2% Triton X-100, and 1 mm dithiotreitol) and a 4 l aliquot of each lysate was used for the assay.
Cell adhesion assay
Culture plates were coated with collagen or with rat or human vitronectin (Sigma) and blocked with 2 mg/ml BSA for 2 h at room temperature. Cells (2 × 10 5 cells/ml) were incubated on the plates for 1 h at 37°C. The plates were then rinsed with PBS and the cells were fixed with 4% paraformaldehyde and stained with toluidine blue. c.p.m.) was incubated with 10 l of a polyclonal antibody (Drs Vuori and Ruoslahti) that recognizes ␣v␤3 and ␣v␤5 27 integrins for 1 h on ice and labeled receptor-antibody complexes were precipitated with 30 l protein-Gsepharose (GammaBind G Sepharose; Pharmacia, Uppsala, Sweden). Precipitates were suspended in 2x non-reducing sample buffer, boiled for 3 min, run on a 7% SDS-PAGE gel, and labeled proteins were detected using autoradiography.
Freshly isolated rat hepatocytes and HeLa cells were analyzed for cell surface ␣v integrins with FACscan Flow Cytometer (Becton Dickinson, San Jose, CA, USA). Because rat hepatocytes are exposed to collagenase during isolation, we examined the effect of collagenase treatment on the presence of ␣v integrins in HeLa cells (5 min at 37°C). Hepatocytes and collagenase-treated and untreated HeLa cells were incubated on ice in 1 ml PBS with polyclonal antibody (1:40) against ␣v␤3 and ␣v␤5 integrins. 27 Control cells were incubated in the presence of non-immune rabbit serum. FITC-conjugated anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) was used as secondary antibody.
In vivo administration of adenovirus to rats Ad2wt (4 × 10 11 particles) and/or Ad2RAE (4 × 10 11 particles) virus (total volume 1 ml) were slowly injected into the femoral vein of 8-to 10-week-old (approximately 200 g) Brown Norway rats that were anesthezised by intraperitoneal injection of ketamine. Forty-eight hours later the rats were killed and the liver was removed for PCR analysis. To estimate the relative amount of viral penton base transcripts in rat livers infected with Ad2wt or Ad2RAE, we used quantitative reverse template specific PCR (RS-PCR). 28 Total RNA was isolated from rat livers by grinding the livers and resuspending them in RNA-STAT 60 (Tel-Test B, Friendswood, TX, USA) according to the manufacturer's instructions. Reverse transcription for Ad2wt and Ad2RAE was done using a 44 bp downstream primer which contained 22 bp specific for Ad2 and a 22 bp nonspecific tail (underlined): GAA CAGCGACGACAGGGGTAGGCGCTTCTCCTCAGCCC GTGTGG. A reverse transcription reaction containing: 5 mm MgCl 2 , 50 mm KCl, 10 mm Tris-Cl, pH 8.3, 100 m dNTP, 0.75 m downstream primer and 1 U MuLV reverse transcriptase was aliquoted into each tube. One microgram of total RNA was added to the mixture and overlaid with 50 l light mineral oil. The reactions were incubated at 70°C for 3 min, 42°C for 20 min and 98°C for 5 min. Five microliters of the resultant cDNA were amplified in a PCR identical to the PCR described above except the downstream primer used was one specific for the tail of the cDNA (GAACAGCGACGACAGGGG TAGG). The resultant 94 bp product was gel purified, digested with DdeI, run on a 10% polyacrylamide gel, and fluorescence quantified as described above. In control studies using a mixture of Ad2wt and Ad2RAE, we found that the results were within 3.6 ± 3.0% (n = 5) of the starting mixture; note that this small variation may be due to inaccuracies in producing the initial mixture. As a better control for this procedure, we used this method to amplify genomic DNA from a patient heterozygous for the ⌬F508 allele. As expected, we found that this fluorescent quantitative PCR procedure produced 50% wt:50% ⌬F508 ± 0.5% (n = 3).
Quantitative polymerase chain reaction analysis
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